We present a method and devices for highly resolved carrier and information extraction of optically modulated radar signals. The extraction is done by passing the optical beam through a monitoring path that constitutes a finite impulse response filter. Replications of the monitoring signal realize the required spectral scan of the filter. Despite the fact that the filter configuration is fixed, each replication experiences different spectral filtering. The radar carrier is detected by observing the energy fluctuations in a low-rate output detector. The RF information is extracted by positioning a low-rate tunable filter at the detected carrier frequency.
INTRODUCTION
RF photonics is a new field of research that extends optical-based processing techniques to RF and radar detection problems involving RF phased-array sensors 1, 2 and filters. 3 Photonic RF filters have much potential because of their capability for high dynamic range, tunability, and reconfiguration. Several configurations have been suggested that employ highly dispersive fibers, 4 fiber gratings, 5 fiber optic prisms, 6 or arrayed waveguide gratings. 7 In many RF warfare applications an external radar signal is received. The carrier of such a signal may vary in time within the range of less than 1 GHz up to 20 GHz while the bandwidth of the information itself is approximately 100 MHz. The information within the 100 MHz bandwidth has signal to noise ratio (SNR) of 10 dB, but since the noise is spread over the entire spectrum the resulting SNR when the signal is received without filtering is approximately −13 dB. Such a low SNR does not allow detection. Thus prior to detection the signal must be filtered. However, the RF carrier is unknown. Thus the common approach in electronic warfare is to split the incoming signal into many RF filters performing simultaneous filtering with each filter tuned to a different bandwidth. 8, 9 The cost (many hundreds of thousands of dollars) and the size (many cubic meters) of such a configuration make it very unattractive.
In this paper we propose a different, integrated electrooptic approach allowing the extraction of the RF carrier and the RF information using photonic processing: The received RF signal modulates an electro-optical modulator. Even the maximum possible carrier frequency of 20 GHz is a more or less typical modulation frequency rate in the optics communication field (the common modulation rates are 2.5 GHz, 10 GHz, and 40 GHz). Thus the RF signal is now converted into an optical signal. Then an all-optical monitoring unit based on optical fibers and ultrafast optical switches serves as an all-optical, ultrafast spectral filter. Since the filtering is performed prior to the detection process, the RF carrier may be extracted. The output of the monitoring unit is sent as a control signal to the detection unit, which is tuned to the correct spectral location of the RF information, and the RF signal is extracted. The suggested all-optical configuration is small in dimensions (less than 100 cm 3 ) and cost (a few thousands of dollars). The ultrafast switches are based on the 1 ϫ 2 submicrosecond, electro-optical switching concept 10 of
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Section 2 presents the explanation of the suggested system including some design analysis. A mathematical analysis is presented in Section 3. Computer simulations as well as experimental results are described in Section 4. The paper is concluded in Section 5.
TECHNOLOGICAL OVERVIEW
The problem that we face in our photonic design is to detect the carrier of an RF signal embedded in strong widespectrum noise. The signal is restricted in time and its width is only 2 s, while it appears periodically every 0.4-1 ms. Its spectral position is unknown. During the time slots where there is no signal the receiver detects only noise. The schematic sketch of the setup is depicted in Fig. 1 . The optical input signal is split into two paths using a 1 ϫ 2 ultrafast optical switch that acts also as a shutter. The upper path includes the original signal that passes through a delay of 2 s (corresponding to a fiber length of 400 m), and the lower path is split into two subpaths that are eventually recombined. Those two subpaths compose the suitable optical filter since the upper subpath includes a delay relative to the lower subpath. The information for the proper delay that is required for generating the optical filter according to the correct RF carrier is obtained from the lower path, which is used only to extract the RF carrier information. The 1 ϫ 2 switch also acts as a shutter for the lower optical path. The optical shutter is intended to block the energy after 100 ns ͑2 s/20͒. Owing to the blocking, 1 / 20 of the information slot is to be used to map the carrier frequency (done on the lower path). The carrier mapping is done in the following manner. The signal is equally split into the two optical subpaths. The upper subpath includes a 1 ϫ 4 switching module. Each one of its outputs corresponds to a different delay (relative to the lower optical subpath). The outputs of the switch are recombined and then split again such that part of the energy goes to the electronic sampling unit and part is returned through a 20 m long fiber (corresponding to a delay of 2 s divided by 20, since we aim to obtain 20 spectral resolution points) to the input of the switch. This actually means that the input signal is replicated several times each time it is passed through the 1 ϫ 4 switch that applies to it a different relative delay. The lower optical subpath includes the replication of the signal as well, by passing it through the 20 m feedback fiber, but there no delay is applied. The upper and the lower subpaths are recombined without energy losses using polarizing beam splitters (the polarizations of the upper and the lower subpaths are orthogonal in order to obtain intensity and not field summation of the optical information from the two recombined subpaths). The recombination of the lower and the upper subpaths generates a two-term finite-impulse-response filter (FIR) that extracts the RF carrier. After that, this information is used as the control signal to the upper path in which a slow tunable filter is positioned. The filter is slowly tuned (rate of ms) to the required spectral band in order to extract the information of the incoming signal. Its output is sampled by a 1 GHz sampling analog/digital (A/D) card having eight sampling bits. Let us examine the lower optical path that is responsible for the RF carrier monitoring. As a result of the shutter operation, the 2 s / 20 time slot that passes through the lower path is duplicated M times (M should be the ratio between the spectral range of the RF carrier and the sampling rate, i.e., 20) in the upper and the lower optical subpaths. The duplication is done by the 20 m fiber feedback. The signal passing through the upper subpath is delayed relative to that in the lower subpath; in that way, their optical combination in intensities (obtained since they are in orthogonal states of polarization) generates an FIR filter. Since the combination is performed between two paths the filter has two terms [N in Eq. (2)]. Each one of the M duplications exhibits a different delay (generated by the 1 ϫ 4 switch) that is responsible for the optical FIR filter having a different spectral position (see Fig. 2 ). Sampling the M duplications performs the spectral scanning and mapping of the position of the RF carrier. Note that as a result of the given SNR, discrete spectral sampling in the specified resolution is sufficient to detect the noise-embedded signal.
Every 2 s another time slot is coming in. Because of the shutter only 2 s / 20 of the information is used for monitoring, and thus the 20 duplications do not create any overlapping with the next-in-line incoming sequence. A thermal control circuit connected to the two optical subpaths that generate the FIR filter is responsible for performing the proper synchronization of delays. The delay is obtained by expanding one optical subpath relative to the other. To generate a delay of 5 ps, for instance, one needs to enlarge one optical free-space path by
The delay quanta that are inserted into the 1 ϫ 4 switch (that is responsible for selecting the different delay ␦t that yields the spectral scanning of the FIR) are ␦ 1 = 2.5 ps, ␦ 2 = 5 ps, ␦ 3 = 10 ps, and ␦ 4 = 50 ps. A combination of those delay quanta creates the spectral notch (see Fig.  2 ) located at the desired position. The 1 ϫ 4 switch does the proper combination as follows: Since the delay is cumulative, for each cycle the signal passes through the switch, an additional delay is added. The switch tunes its delay (␦ 1 , ␦ 2 , ␦ 3 , or ␦ 4 ) for each cycle such that the accumulated delay will be as close as possible to the desired delay at that point in time (which is determined by Eq. (4) as described in the next section). Thus basically the overall delay after K cycles (i.e., replications) sums to
where ⌬ i is the delay that was tuned by the switch in cycle i, and it equals ␦ 1 , ␦ 2 , ␦ 3 , or ␦ 4 . Basically this approach resembles the way a decimal number is represented on a binary basis. Four binary digits (each with a different weight corresponding to its position within the representation) may represent a decimal number of up to 15. The RF carrier is extracted by finding the minimum of the energy rendered by the detector for the M duplications (each corresponds to a different spectral position of the filter). After extracting the carrier, the spectral folding of information may be resolved and the narrowband information completely extracted in the upper path, which is connected to a detection circuit that includes a low-rate local oscillator and an A/D card. An RF high-pass filter (HPF) is required since the optical detector senses the intensity and not the optical field. The HPF also filters the dc of the incoming signal. 
MATHEMATICAL ANALYSIS
Assuming that an incoming sequence s͑t͒ is duplicated N times and that each duplication is summed after delaying it by ␦t, then
The Fourier transform of s T equals
The filter F is an FIR filter. By tuning the delay between the sequences the position of the filter may be changed. The minima will be responsible for the energy fluctuations at the detector when the spectral scanning is applied by using different delays. Since we have two subpaths we realize a two-termed FIR filter, N =2. and 3(e) present the spectrum of the 100 MHz bandwidth signal embedded with white, 20 GHz, spectrally wide noise. Although the system described in the previous sections will solve the problem, it suffers from a large disadvantage. The switches that realize the suggested delays operate at a rate of 100 ns, but this is not fast enough since the spectral scanning process occupies 2 s in that case.
EXPERIMENTAL RESULTS
Since this is the length of the signal sequence, there is a 50% probability of losing a significant portion of the information (on average half of the information will be lost). The spectral scanning process must be at least ten times faster so that the amount of lost information will be negligible. To obtain that speed, the first feedback fiber is shortened to 2 m instead of 20 m (corresponds to 10 ns) and the 1 ϫ 4 switch is replaced by two fixed delays. The first delay is 12.5 ps, and through it the light is passed only once. The second delay is placed inside the optical feedback loop of the upper subpath, and it is also 12.5 ps. This means that the first replication will have a notch filter at 20 GHz, the second at 13.3 GHz, then 10 GHz, 8, 6 .67, 5.7, 5, etc. This is due to the fact that the second delay is additive, and each replication accumulates a delay that corresponds to the replication serial number. A delay of 12.5 ps is realized by free-space propagation within glass for a distance of 1.25 mm. A schematic sketch of this process is depicted in Fig. 4 . This is a fixed system except for the shutter that must generate the bit bursts, of 10 ns that is used for the monitoring. The described system was constructed; it is depicted in Fig. 5 (this is just an illustrative figure; the schematic sketch may be seen in Fig. 4) . The shutter was realized by cascading two Civcom 1 ϫ 2 switches. The problem is that although the switches have fast optical response (approximately 200 ns), their electrical driver is limited to an operation frequency of 10 KHz. Thus in order to be able to generate short input bit burst sequences we inserted an RC circuit between the electrical drivers of both switches such that we actually constructed an optical AND gate.
Since the first switch's driver was connected to a pulse generator and the second one's driver was connected to the same generator but had a delayed control command, only when both switches were opened could the light come through into the optical system. By playing with the RC parameters we could generate a very short pulse sequence (corresponding to the RC delay). The fibers were connected by using 50%-50% (to separate and combine the upper and the lower subpaths) and 95%-5% splitters (for the optical feedback loop). Manual polarization controllers were used to calibrate the system.
For the demonstration of the operational principle we used fiber of 200 m for the optical feedback loop (corresponds to replication length of up to 1 s). We started by examining the system at low frequencies having relative delay between the upper and the lower subpaths (following the description for Fig. 4 ) of 2.75 m for the first replica and 5 m for the second. Such a configuration should generate filters at approximately 35 MHz, 20 MHz, etc. In Fig. 6 we observe the first replication. The two lighter curves that resemble the exponential curve of a charging capacitor are the voltage control commands to the drivers of the two switches. As we described, an RC circuit is placed between the switches create delay (this is why the lower exponential curve of Fig. 6(b) has a more pronounced exponential nature; it basically represents a capacitor charging circuit with large RC). The curves of pulses (dark curves) represent the measurement captured at the first replication after connecting the output of the photodiode to the second channel of the scope. In Fig. 6(a) one sees the first replication without inserting modulation. In Figs. 6(b) and 6(c) we see how the replication looks when modulation at 34.682 MHz is inserted. No information is passed since, as we mentioned, the optical filter is tuned to approximately 35 MHz. For Fig. 6(d) we disconnected the lower optical subpath, and as predicted from theory the optical filter no longer exists and thus the signal may be detected (it is no longer filtered out).
In Fig. 7 we examine the first replication again. In Fig.  7(a) one may see the first replication without modulation. In Figs. 7(b) and 7(c) it is modulated at a frequency that is below the spectral position of the filter of the first replication (about 30 MHz). As can be seen, the signal is not filtered. In Fig. 7 (d) the modulation frequency is 34.682 MHz and thus it is filtered out. In Fig. 7 (e) the modulation frequency is higher than that of the filter (about 36 MHz) and thus it is detected at the scope.
In Fig. 8 we examine the optical filter applied over the second replication (around 20 MHz). In Fig. 8(a) we present the signal without modulation. In Fig. 8(b) the modulation frequency is below the frequency of the optical filter (about 18 MHz). In Fig. 8(c) the modulation is at 20.682 MHz and indeed the signal is filtered out. In Fig.  8(d) we modulate at a frequency higher than that of the optical filter (about 22 MHz).
Then we changed the detector to a faster detector and changed the relative length between the two optical subpaths. We tuned the filter to 800 MHz (12.5 cm of relative delay). In Fig. 9(a) the modulation is at a frequency higher than 800 MHz (about 810 MHz) and the signal is not filtered. In Fig. 9(b) we modulate at 800 MHz, and indeed the signal is not detected.
In order to allow a sufficient number of discrete spectral positions for the notch filter, we need more replications since each replication experiences a different spectral filter. To do that we added an erbium-doped fiber amplifier (EDFA) to each of the two optical subpaths. As can be seen in Fig. 10(a) , more than 16 replications can now be detected (before adding the amplifier only three replications could be seen). In Fig. 10(a) no modulation is inserted. In Fig. 10(b) a modulation of 414 MHz is applied.
In order to obtain measurements close to the real-case scenario, we insert a noise modulation of 60 MHz bandwidth. The modulation is added on top of the optical signal. The added noise is approximately 20 dBm/ 10 MHz.
The information is a single varied frequency of power yielding a SNR of approximately 15 dB. We tune the frequency of the information modulation while keeping the optical filter constant (we use only the first replication) and exhibit the results obtained when the modulation frequency is below, equal to, and above the position of the notch of the optical filter. Figure 11 depicts the results obtained. The spectral position of the optical notch is tuned to 42.6 MHz. In Fig. 11(a) the frequency of the information is 23.6 MHz (below the position of the notch), in Fig.  11(b) is equal to that of the notch, and in Fig. 11(c) is 62.8 MHz (above the optical notch). The upper curves present the digital spectrum computed by the digital scope. One may observe the peak of the information modulation appearing in Fig. 11(a) and 11(c) and not in 11(b), since there it is filtered by the optics. The mean readout computed by the digital scope is approximately 350 for Fig. 11(a) and 11(c) and 410 for Fig. 11(b) . Thus the low-frequency readout at the output of the optical system indeed provides the position of the information carrier in the presence of noise as predicted by the presented theory.
CONCLUSIONS
In this paper we have presented a new approach for alloptical compact extraction of the carrier and the RF information of a radar signal embedded in noise. The main contribution of this paper is actually the realization of an ultrafast (ns rate) and ultraprecise (less than 1 GHz) optical tunable filter. Such filters do not exist in the optics communication field today. The suggested configuration is based on realizing a finite impulse response filter by generating delays between two optical paths. Generation of multiple optical replications may allow obtaining spectral scanning for the RF carrier also without incorporating dynamic elements into the system. In the final configuration that was experimentally investigated, the only dynamic element was an optical shutter/switch that generated the temporal bit bursts that were later replicated by the optical system. Numerical simulations as well as experimental results demonstrated the feasibility of the suggested configuration.
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